The health effects of air pollution on children's respiratory health are of clinical, public health, and regulatory concern. Although a large number of chemical species occur in ambient air, ozone (03), nitrogen dioxide (N02), acid vapors and respirable particulates (PMio and PM2.5), sulfur dioxide (S02) and acid aerosols have been identified as presenting the greatest hazard to human populations (1) (2, 3) . In the United States and Western Europe, regulatory efforts make such episodes a remote possibility; however, acute respiratory effects in children exposed at current ambient levels of 03 are well documented (1) . Whether acute effects result from exposures to ambient levels of N02, S02, acids, and respirable particulates or whether chronic effects are produced by long-term exposures is unresolved.
Although the concentrations of respiratory toxins in ambient and indoor air are generally low, the large volume of air inhaled each day by a child may deliver substantial doses of these toxins to the respiratory tract. Children spend more time outdoors, are generally more active, and have higher ventilation rates than do adults (4) . For example, the timing of high 03 levels may increase the exposure and dose for children relative to adults. Children spend more time outside during high 03 periods in the afternoon, on weekends, and during the summer months (4) . Furthermore, children are more likely to engage in vigorous physical activity while outside and are less likely to report exposure-related symptoms. Such characteristics may increase the delivered dose of pollutants to the distal lung, which may be more sensitive to damage because it has thin or patchy respiratory extracellular lining fluid (RELF) as a protective barrier. The large doses that children experience may be particularly detrimental because growing lungs may be most vulnerable to permanent adverse effects.
Studies have established that adverse health effects occur in some groups of children exposed to ambient levels of 03, particulates, and NO2 common in developed nations, and have provided a limited amount of suggestive evidence for chronic health effects (Table 1) (1). Much of the research on the acute effects of air pollution has focused on short-term exposures to 03 and N02. Studies using controlled human exposures have documented that 03 inhalation of as little as 0.08 ppm for several hours is associated with reproducible dosedependent (concentration, duration, and minute ventilation) effects that are enhanced by exercise (1) . NO2 also has acute effects, but only at levels exceeding 2.0-4.0 ppm (1). The effects include decrements in forced expiratory volume in 1 sec (FEVI) and forced vital capacity, cough and chest discomfort, lung injury and inflammation, and changes in airway responsiveness (5) (6) (7) (8) . Changes in pulmonary function have also been observed in children at summer camp and athletes exposed to ambient air pollution during outside activities (6, 9) . The 03-induced acute changes in pulmonary function appear to be reversible, resolving within 24 hr. The reversibility of the acute changes in lung function either with anesthetic or with time indicates this mechanism may not be responsible for chronic effects (10) (11) (12) (13) . Airway hyperreactivity persists after 03-induced changes in FEV, resolve and the degree of reactivity is not associated with the magnitude of spirometric changes, suggesting an independent mechanism for hyperreactivity (14 respiratory diseases including asthma and chronic obstructive pulmonary disease (COPD). The inflammatory response involves increased numbers of macrophages, neutrophil infiltration, increased cellular protein permeability following the production of a broad range of inflammatory cytokines, and increased arachidonic acid metabolites (8, (15) (16) (17) (18) . In addition to the inflammatory response, a large body of evidence suggests that acute NO2 exposure at environmental levels may adversely affect other aspects of immune function including macrophage function, resulting in decreased airway clearance and increased risk of infection.
Air pollution may also increase the risk of chronic respiratory diseases by adversely affecting lung growth in children. Lung growth continues throughout childhood into early adulthood, reaching a plateau and then declining with increasing age (19) . It has been hypothesized that the risk for chronic respiratory diseases such as COPD is associated with maximum lung size, length of the plateau, and rate of decline in function (20) . Under (46) . Particles in the distal airways and alveoli are dissolved or cleared by alveolar macrophages, but some may be deposited around small airways. It appears that some ultrafine metallic particles are retained for long periods in the distal lung. Retained particles may contribute to adverse effects by enhancing radical production in these regions (47) .
Because the RELF is the barrier between the delivered pollutants and respiratory epithelial cells and contains high concentrations of antioxidants such as vitamin C and enzymatic antioxidants such as glutathione S-transferases (GST), the RELF plays a key role in defenses to oxidant and radical gases and aerosols. Dietary intake of fruits and vegetables may therefore be important in protecting the airway from oxidant and radical air pollutants (48) (49) (50) (51) . Epidemiologic studies have shown that a high intake of fruits and vegetables is associated with increased lung function and decreased respiratory symptoms (48) (49) (50) (51) . One mechanism for these effects is the protection of the lung from damage from air pollution (48) (49) (50) (51) . Inadequate intake of antioxidants, radical scavengers, and trace metals may increase susceptibility to oxidant and radical air pollutants. Antioxidants (vitamin C) and radical scavengers (vitamin E) are present in the RELF and in cellular membranes (31, 52 (53) . The genes at the inflocus have yet to be identified.
Because genes involved in responses to air pollutants have not been identified, a practical approach to identifying genetic factors is studying associations with candidate genes. Several criteria must be satisfied in selecting and establishing useful links between polymorphisms in candidate genes and adverse respiratory effects. First, the product of the candidate gene must be significantly involved in the pathogenesis of the adverse effect of interest, often a complex trait with many determinants. Second, polymorphisms in the gene must produce a functional change in either the protein product or in the level of expression of the protein. Third, in epidemiologic studies, the issue of confounding by other genes or environmental exposures must be carefully considered. The GST superfamily of genes are candidate genes for susceptibility to air pollution (39) . GSTs are peroxidases as well as transferases and appear to be involved in repairing lipid peroxidation products from oxidative and radical attack from tobacco smoke and oxidant and radical air pollutants. Enzymes that function as glutathione peroxidases (GPxs) are important enzymatic antioxidants because they can detoxify hydroperoxides formed by radical attack or secondary ozonation products using the high concentrations of reduced glutathione (GSH) found in RELF (54) (55) (56) . Two types of GPx are found in the RELF (54) (55) (56) . The majority of RELF GPx activity is due to a nonselenium-dependent peroxidase. GSTs appear to account for the majority of the nonselenium-dependent GPx activity in RELF.
Several GST families have common, functionally important polymorphic alleles that significantly reduce expression of function in the lung (homozygosity for the null allele at the GST MI and TI loci, and homozygosity for the A105G allele at the GSTP1 locus) (38, 45, 57) . GST (18, 42, 43, (59) (60) (61) .
Tumor necrosis factor (TNF)-a is a third candidate for susceptibility to air pollution. Induction of inflammation, which involves both neutrophils and macrophages, following air pollutant exposure may be mediated by the production of reactive oxygen species, which activate nuclear factor-KB (NF-icB) (62 
Conclusion
A major unresolved air pollution research goal is to determine whether air pollution causes chronic respiratory disease or reduced lung growth, and if so, to determine the independent and joint effects of specific pollutants. An essential element is identifying groups in the population that are more sensitive to any chronic effects from exposure to ambient levels of air pollution. The evolving understanding of the interactions of air contaminant exposures, causal mechanisms that reflect pathophysiologic pathways, and multilocus genetic variation provides a basis for focused research, identification of sensitive individuals, and improved prevention strategies. Fruitful lines of future investigation for the chronic effects of air pollution include the roles of dietary intake of antioxidants, variation in physical activity, and polymorphisms in genes that modulate free radical damage. Children with low fruit and vegetable intake, low antioxidant intake, or who inherited certain alleles for cytokine genes or free radial damage repair may be such a sensitive group. As the complete human genome is described over the next decade, innovative strategies will be needed to assess genotype-phenotype relationships, allowing genetics to be fully integrated into air pollution research.
